


Topologic mesh “delityWe evaluated the achieved topologic meslelity on a complex AW pathology (Figure
10(a)). The red circles in Figures 10(b)-10(d) lac#te AVM mesh regions with a poor topologic “delity. The
CBC3D demonstrates the highest “delity among the three methods, preserving almost all the vascular structures in
the mesh (Figure 10(b)). CGAL resolves only stiently large vessels (Figure 10(c)). Cleaver exhibits a higher
topologic* delity than CGAL, but it does not preserve some thin vessels in “verdint locations (Figure 10(d)).

Mesh smoothnesskigure 11 compares the smoothness of a braismgenerated by the three methods. Cleaver
captures more features on the brain surface because it generates a larger number of triangles than CBC3D and CGAL.
However, Cleaverss mesh exhibits a lower “delity because it is slightly shifted compared to the position of the brain
depicted in the image. The is illustrated clearly in Figure 9(c) and veri“ed by the HD metric in Table 4.

(a) Case 1 (b) Case 2 (c) Case 3 (d) Case 4 (e) Case 5

Fig. 9. Qualitative results on (geometric) mesh “delity. From top to bottom row: axial, sagittal, and coronal image slices. From left to right
column: Case 1-5. Gray represents the brain segmentation. White represents the segmentation of the other tissue. Green, yellow and red illustrate
the intersection between the surfa@gerfaces of the CBC3D, CGAL and Cleaver meshespectiely, and the image slice. The closer the
intersection to the physical image boundafigsrfaces, the higher the “delity on the speci“c slice.

(a) AVM segmentation (b) CBC3D (c) CGAL (d) Cleaver

Fig. 10. Qualitative results on (topologic) mesh “delity. (a): AVM edted from case 5 (Table 2). (b), (c), (d): CBC3D, CGAL, and Cleaver
tetrahedral mesh, respectively, for this AVM pathology. The red ciicléisate regions where the image topology is not preserved in the mesh.

5.2. Quantitative Results

We accessed the achieved mesh quality in terms of the minimum, maximum dihedral angles [28,29]. Ideally, the
minimum dihedral angle should be large, and the maximdihedral angle should be small. We access the achieved
mesh “delity in terms of a publicly available HausdobDistance (HD) metric [30]. The smaller the HD value, the
higher the “delity. For a multi-tissue mesh, the HD is computed as:HDax(HD1,HD, ..., HD,), wheren is the
number @ the tissues, HDis the two sided HausdorDistance of sub-meshandi = 1,2,...,n HD; is computed
between two point-sets: the “rst set contains the surface vertices of subintieslsecond set contains the voxels on
the surface of tissue
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(a) Brain segmentation (b) CBC3D (c) CGAL (d) Cleaver

Fig. 11. Qualitative results on mesh smoothness. (a): Brain segmentation from case 3 (Table 2). (b), (c), (d): CBC3D, CGAL, and Cleaver surface
mesh consisting of 18018, 28098, and 443276 triangles, respectively, for this brain segmentation. In (d) we do not visualize the triangle’s edges,
due to their large number.

Table 4 presents the quantitative results. Cleaver achieves the highest average mesh quality, with (min, max)
dihedral angles (12.61°, 148.13°). CGAL’s optimization phase aims at eliminating slivers providing good shaped
tetrahedra with slightly worse quality than Cleaver. The CBC3D generates meshes of sufficient quality with average
(min, max) dihedral angles (4.81°, 172.56°). Our implementation does not provide any theoretical angle bounds for
the deformed mesh, but it guarantees a superior element quality during the red-green refinement, with worse (min,
max) dihedral angles (30°, 116.5°). In the future, we will introduce an optimization step based on local element
transformations and vertex repositioning, to further improve the quality of the smoothed mesh.

Our meshing method achieves the highest fidelity in this study. In terms of a Hausdorff Distance metric, CBC3D
exhibits on average 3.79 and 1.32 times higher fidelity compared to CGAL and Cleaver, respectively (Table 4). CGAL
achieves a low fidelity in case 4 (46.54 mm), and case 5 (21.35 mm) because, in the former, it ignores the lateral
ventricles (Figures 8(d), 9(d)), and in the latter, it does not accurately preserve the vessels structures (Figure 10(c)).
Also, CBC3D keeps the element count low. It generates on average about 1.1 times more, and 6.3 times fewer
elements compared to CGAL and Cleaver, respectively (Table 4). CBC3D and CGAL provide an explicit control on
the element size, via parameters BCCj;.., and facet_size, cell_size, respectively. On the other hand, Cleaver implicitly
controls the mesh size with the violation parameters &, @ong (Table 3).

Table 4. Quantitative evaluation results. The dihedral angle € (0°, 180°) denotes the mesh quality. The larger the minimum angle or the smaller the
maximum angle, the higher the mesh quality. The HD metric denotes the mesh fidelity. The smaller the HD, the higher the fidelity.

C #Tetrahedra Dihedral angle (min, max) HD (mm)

ase CBC3D  CGAL  Cleaver CBC3D CGAL Cleaver CBC3D CGAL  Cleaver
1 69101 414470 2550628  (12.20°,157.67°)  (12.01°,162.27°)  (10.88°,152.92°) 3.47 321 6.38
2 500777 376077 3238752 (0.21°,179.68°)  (12.06°,161.86°)  (9.49°,153.51°) 6.22 7.66 5.42
3 294005 516927 3276161  (0.29°,179.57°)  (12.03°,163.02°)  (11.34°,153.15%) 4.11 3.37 5.03
4 541943 346337 2629208 (11.18°,166.19°)  (5.43°,170.53°)  (25.06%,126.94°) 3.02 46.54 5.56
5 952986 350449 3235942 (0.18°,179.72°)  (5.42°,171.07°)  (6.23°,154.14%) 4.87 21.35 6.32

Average 471762 400852 2986138  (4.81°,172.56°)  (9.39°,165.83°)  (12.61°, 148.13°) 4.33 16.42 574

In this study, all the experiments were conducted on a machine with an Intel i7-2600@3.40 GHz CPU, and 16 GB
of RAM. For a relatively small multi-tissue mesh (case 3, Table 4), the CBC3D completes in 272.88 seconds (i.e.
63.59 +208.70 + 0.59 seconds for the mesh generation & refinement, deformation, and I/O, respectively). For a larger
multi-tissue mesh (case 5, Table 4), the CBC3D completes in 530.39 seconds (i.e. 94.56 + 434.10 + 1.73 seconds for
the mesh generation & refinement, deformation, and 1/O, respectively). This CBC3D version does not address any
kind of performance issues in terms of time efficiency. In our future work, we will improve the CBC3D execution
time by introducing a Structured Adaptive Mesh Refinement (SAMR) scheme [31], and we will conduct an extensive
performance evaluation on the three meshing methods.

In summary, from our previous work on lattice-based meshing, we showed that quality, fidelity and size criteria,
are in conflict (see Table 1 in [12]). This qualitative/quantitative evaluation shows that among the methods in this



Fotis Drakopoulos et al. / Procedia Engineering 124 (2015) 278 — 290

study, the CBC3D meshes: (1) represent most accurately the geometry/topology of the image object, (2) keep the
element count low, and (3) exhibit an acceptable element quality; thus, are suitable for anatomic modeling of AVM
for interactive surgical simulations.

6. Summary and Conclusion

We presented an open-source implementation of an adaptive multi-tissue tetrahedral mesh generator customized for
anatomic modeling of AVM for surgical simulations. Our approach, initially, generates an adaptive BCC mesh of high
quality elements, from a multi-labeled segmented image. Then, it deforms the mesh surfaces to their corresponding
physical image boundaries, to improve the mesh fidelity and smoothness. We introduced a new implementation of
a mesh deformation scheme, which builds upon the ITK toolkit, improving the overall reliability and portability of
our method. The deformation scheme relies on a multi-material, point-based registration, and uses non-connectivity
patterns to implicitly control the number of the extracted image features needed for the registration. As a result, it
balances the trade-off between the achieved mesh fidelity and the deformation speed. Our software is available as a
stand-alone ITK library (multi-tissue version), as an extension in 3D Slicer (single-tissue; the multi-tissue code will
become available before the IMR meeting), and as a SOFA plugin within an interactive simulator for neurosurgical
procedures involving brain AVM (multi-tissue).

We compared our implementation with two other open-source meshing codes: CGAL v4.5.2 and Cleaver v1.5.4.
We reported qualitative/quantitative results on the geometric/topologic fidelity, the mesh gradation, smoothness and
quality, obtained from five isotropic/anisotropic images. The evaluation indicated that our technology provides well
graded, smooth meshes, of reasonable size, that reflect a certain degree of visual reality, without compromising the
geometric/topologic fidelity of the anatomic modeling. The CBC3D meshes accurately conform to the object’s sur-
faces/interfaces, and preserve the majority of the image features in complex geometries pertinent to AVM. In terms of
a Hausdorft Distance metric, the CBC3D exhibits on average 3.79 and 1.32 times higher fidelity, compared to CGAL
and Cleaver methods, respectively. Qualitative results are consistent with these data.

Additionally, we will introduce a Structured Adaptive Mesh Refinement (SAMR) scheme [31] to improve the
performance and the gradation of the CBC3D method. SAMR, initially discretizes the image domain with a uniform
mesh, and then it generates new finer sub-meshes (components) near the areas where the physics are “changing”
(e.g. AVM blood flow simulation in regions of interest). SAMR uses an independent PDE solver in each of the
mesh components, and accesses the validity of the numerical results. If the numerical solution satisfies the analysis
requirements then the refinement stops; otherwise SAMR discretizes the mesh with a finer resolution until it obtains
an acceptable solution. Besides, each mesh component has its own solution vector which is computed independently
from the solution of the other mesh components. This is important for the parallelization of the SAMR, where each
mesh component is associated to a single core/node and the under-utilized cores/nodes (e.g. those that compute the
PDE solution in smaller number of cells or mesh points) can request automatically additional work from the rest of
the cores/nodes.

Acknowledgements

Research reported in this publication was supported in part by the Modeling and Simulation Fellowship at Old
Dominion University, the Office of The Director, National Institutes Of Health under Award Number R440D018334
the NSF grants: CCF-1139864 and CCF-1439079 and by the Richard T.Cheng Endowment. The content is solely the
responsibility of the authors and does not necessarily represent the official views of the NIH and NSF. Special thanks
for helping with edits and proofreading to Alexis Brueggeman.

References

[1] I.-F. Talos, N. Archip, Volumetric non-rigid registration for mri-guided brain tumor surgery (2007).

[2] N. Archip, O. Clatz, S. Whalen, D. Kacher, A. Fedorov, A. Kot, N. Chrisochoides, F. Jolesz, A. Golby, P. M. Black, S. K. Warfield, Non-
rigid alignment of pre-operative mri, fmri, and dt-mri with intra-operative mri for enhanced visualization and navigation in image-guided
neurosurgery, Neurolmage 35 (2007) 609-624.

289



290

Fotis Drakopoulos et al. / Procedia Engineering 124 (2015) 278 — 290

[3] Y. Liu, A. Kot, F. Drakopoulos, C. Yao, A. Fedorov, A. Enquobahrie, O. Clatz, N. P. Chrisochoides, An itk implementation of a physics-based
non-rigid registration method for brain deformation in image-guided neurosurgery, Frontiers in Neuroinformatics 8 (2014).

[4] R. J. Dholakia, F. Drakopoulos, C. Sadasivan, X. Jiao, D. J. Fiorella, H. H. Woo, B. B. Lieber, N. Chrisochoides, High fidelity image-to-mesh
conversion for brain aneurysm/stent geometries, in: IEEE International Symposium on Biomedical Imaging: From Nano to Macro, 2015.

[5] D. Boltcheva, M. Yvinec, J.-D. Boissonnat, Mesh generation from 3d multi-material images, in: G.-Z. Yang, D. Hawkes, D. Rueckert,
A. Noble, C. Taylor (Eds.), Medical Image Computing and Computer-Assisted Intervention MICCAI 2009, volume 5762 of Lecture Notes in
Computer Science, Springer Berlin Heidelberg, 2009, pp. 283-290.

[6] J.-P. Pons, F. Sgonne, J.-D. Boissonnat, L. Rineau, M. Yvinec, R. Keriven, High-quality consistent meshing of multi-label datasets, in:
N. Karssemeijer, B. Lelieveldt (Eds.), Information Processing in Medical Imaging, volume 4584 of Lecture Notes in Computer Science, Springer
Berlin Heidelberg, 2007, pp. 198-210.

[7] P. A. Foteinos, N. P. Chrisochoides, High quality real-time image-to-mesh conversion for finite element simulations, Journal of Parallel and
Distributed Computing 74 (2014) 2123-2140.

[8] S.-W. Cheng, T. K. Dey, H. Edelsbrunner, M. A. Facello, S.-H. Teng, Silver exudation, J. ACM 47 (2000) 883-904.

[9] L.P. Chew, Guaranteed-quality delaunay meshing in 3d (short version), in: Proceedings of the Thirteenth Annual Symposium on Computational
Geometry, SCG *97, ACM, New York, NY, USA, 1997, pp. 391-393.

[10] F. Labelle, J. R. Shewchuk, Isosurface stuffing: Fast tetrahedral meshes with good dihedral angles, ACM Trans. Graph. 26 (2007).

[11] J. Bronson, J. Levine, R. Whitaker, Lattice cleaving: A multimaterial tetrahedral meshing algorithm with guarantees, Visualization and
Computer Graphics, IEEE Transactions on 20 (2014) 223-237.

[12] A. N. Chernikov, N. P. Chrisochoides, Multitissue tetrahedral image-to-mesh conversion with guaranteed quality and fidelity, STAM Journal
on Scientific Computing 33 (2011) 3491-3508.

[13] Y. Zhang, C. Bajaj, B.-S. Sohn, 3d finite element meshing from imaging data, Computer Methods in Applied Mechanics and Engineering 194
(2005) 5083 — 5106. Unstructured Mesh Generation.

[14] Y. Zhang, J. Qian, Resolving topology ambiguity for multiple-material domains, Computer Methods in Applied Mechanics and Engineering
247248 (2012) 166 — 178.

[15] N. Molino, R. Bridson, J. Teran, R. Fedkiw, A crystalline, red green strategy for meshing highly deformable objects with tetrahedra, in: In
12th Int. Meshing Roundtable, 2003, pp. 103-114.

[16] M. Fuchs, M. Wagner, J. Kastner, Boundary element method volume conductor models for eeg source reconstruction, Clinical Neurophysiology
112 (2001) 1400-1407.

[17] R. Radovitzky, M. Ortiz, Tetrahedral mesh generation based on node insertion in crystal lattice arrangements and advancing-front-delaunay
triangulation, Computer Methods in Applied Mechanics and Engineering 187 (2000) 543-569.

[18] A. Fedorov, N. Chrisochoides, R. Kikinis, S. Warfield, Tetrahedral mesh generation for medical imaging, in: Int Conf Med Image Comput
Comput Assist Interv. MICCAI 2005, volume 8, 2005.

[19] Y. Liu, P. Foteinos, A. Chernikov, N. Chrisochoides, Mesh deformation-based multi-tissue mesh generation for brain images, Engineering with
Computers 28 (2012) 305-318.

[20] M. Jenkinson, M. Pechaud, S. Smith, BET2: MR-based estimation of brain, skull and scalp surfaces, in: Eleventh Annual Meeting of the
Organization for Human Brain Mapping, 2005.

[21] L. Antiga, M. Piccinelli, L. Botti, B. Ene-lordache, A. Remuzzi, D. Steinman, An image-based modeling framework for patient-specific
computational hemodynamics, Medical & Biological Engineering & Computing 46 (2008) 1097-1112.

[22] W. E. Lorensen, H. E. Cline, Marching cubes: A high resolution 3d surface construction algorithm, in: Proceedings of the 14th Annual
Conference on Computer Graphics and Interactive Techniques, SIGGRAPH ’87, ACM, New York, NY, USA, 1987, pp. 163-169.

[23] S. Curtis, R. Tamstorf, D. Manocha, Fast collision detection for deformable models using representative-triangles, in: Proceedings of the 2008
Symposium on Interactive 3D Graphics and Games, I3D "08, ACM, New York, NY, USA, 2008, pp. 61-69.

[24] M. Tang, S.-E. Yoon, D. Manocha, Adjacency-based culling for continuous collision detection, Vis. Comput. 24 (2008) 545-553.

[25] M. Tang, D. Manocha, R. Tong, Fast continuous collision detection using deforming non-penetration filters, in: I3D *10: Proceedings of the
2010 ACM SIGGRAPH symposium on Interactive 3D Graphics and Games, ACM, New York, NY, USA, 2010, pp. 7-13.

[26] V. Arikatla, R. Ortiz, D. Thompson, D. Adams, A. Enquobahrie, S. De, A hybrid approach to simulate tissue behavior during surgical
simulation, in: 4th International Conference on Computational and Mathematical Biomedical Engineering- CMBE2015, 2015.

[27] J.R. Shewchuk, Tetrahedral mesh generation by delaunay refinement, in: Proceedings of the Fourteenth Annual Symposium on Computational
Geometry, SCG *98, ACM, New York, NY, USA, 1998, pp. 86-95.

[28] J. R. Shewchuk, What is a good linear element? - interpolation, conditioning, and quality measures, in: In 11th International Meshing
Roundtable, 2002, pp. 115-126.

[29] O. Goksel, S. Salcudean, High-quality model generation for finite element simulation of tissue deformation, in: G.-Z. Yang, D. Hawkes,
D. Rueckert, A. Noble, C. Taylor (Eds.), Medical Image Computing and Computer-Assisted Intervention MICCAI 2009, volume 5762 of
Lecture Notes in Computer Science, Springer Berlin Heidelberg, 2009, pp. 248-256.

[30] F. Commandeur, J. Velut, O. Acosta, A vtk algorithm for the computation of the hausdorff distance, The VTK Journal (2011).

[31] S. Baden, N. Chrisochoides, D. Gannon, M. Norman, Structured Adaptive Mesh Refinement (SAMR) Grid Methods, Springer-Verlag New
York, 2000.



